INTRODUCTION {#sec1-1}
============

All-trans-retinoic acid (ATRA) is now being widely distributed for the treatment of many proliferative diseases because of its anticancer properties and its advantages in the chemoprevention, treatment of cancer, and cell and tissue engineering([@ref1][@ref2][@ref3]). Specially, it has been used for patients with acute myelogenous leukemia (AML) to induce remission in patients([@ref4]). Furthermore, ATRA can inhibit the growth and squamous differentiation of the bronchial epithelial cells([@ref5]). Several studies reported the efficacy of ATRA in patients with metastatic non-small cell lung cancer (NSCLC)([@ref6][@ref7]).

ATRA showed potential for increasing the response rate and progression free survival for the patients with NSCLC with an acceptable toxicity profile([@ref8]). ATRA can inhibit the proliferation, induce markers of apoptosis and squamous differentiation, and prevent the process of cell migration induced by ATRA in NSCLC([@ref9][@ref10]).

The ATRA mechanism of action in cancer therapy could be mainly attributed to its binding to retinoic acid receptors or retinoid X receptors in the nuclear membrane of cancer cells, which causes inducing growth inhibition, differentiation, or apoptosis in the cancer cells([@ref11]). Despite its advantages, it suffers from some drawbacks such as drug resistance, hyper-triglyceridemia, mucocutaneous dryness, and headache([@ref12]).

Furthermore, in the case of oral administration, a RA-inducible P-450 cytochrome called p450AI metabolizes it in the liver, and its concentration in systemic circulation decreases gradually([@ref13]). In order to overcome the instability drawbacks and improve the therapeutic efficacy, parenteral administration could be used as one of the most useful strategies. One of the complications during parenteral treatment with ATRA is the poor water solubility of this agent([@ref14]). It is also decomposed or exchanged to the isotretinoin as an isomerized product or to the all-trans-4-oxo as an oxidized product by exposing to various factors such as light, heat, and oxidants([@ref15][@ref16]). In order to overcome such drawbacks, researchers have tried to develop an I.V. injectable formulation of ATRA, using different bioactive drug carriers such as cyclodextrins, liposomes, micelles, and micro-emulsions([@ref17][@ref18][@ref19][@ref20][@ref21]).

Polymeric micelles possess a core-shell structure containing hydrophobic segments as internal core surrounding by hydrophilic segments, as a shell in an aqueous medium. They have advantages compared to low molecular weight surfactant micelles, because they have lower critical association concentration (CAC) and are more stable in aqueous media([@ref22][@ref23]). Among the compounds used widely in drug delivery, poly(ε-caprolactone) (PCL) is regarded as a promising candidate for biomedical applications due to its advantages such as biocompatibility and biodegradability, and non-toxicity toward living organisms([@ref24]). Despite its advantages, it suffers from some drawbacks such as great hydrophobicity and slow biodegradation rate which limited its efficacy in biomedicine. Poly (ethylene glycol) (PEG) has been used on the outer surface of polymeric micelles, due to its beneficial characteristics of pharmacokinetic of the micelles; i.e., long-circulating characteristics and significant tumor accumulation. Considering its properties such as nontoxicity, hydrophilicity, solubility in water and organic solvents, and absence of antigenicity and immunogenicity, PEG could be used for many clinical applications([@ref25][@ref26]). It has been found that PEG can form a hydrated steric barrier which prevents micelles from protein absorption, cell adhesion, recognition, and sequestration by the body\'s defense system.

In the present study, hydrophilic PEG was incorporated into the main chain of PCL to obtain an amphiphilic triblock PCL-PEG-PCL copolymer. PCL-PEG-PCL is a thermosensitive copolymer which is more flexible than PCL-PEG diblock copolymer for drug loading and drug delivery([@ref23]). Also, the micelles produced by triblock copolymers are more stable and have lower CAC than the diblock copolymer micelles([@ref27][@ref28]) which make PCL-PEG-PCL triblock copolymer more advantageous than PCL-PEG copolymer for the micellar drug delivery systems. ATRA, a hydrophobic anticancer drug, was incorporated into the PCL-PEG-PCL amphiphilic copolymer and physicochemical analyses such as ^1^H NMR spectroscopy, atomic-force microscopy (AFM), XRD, particle size, zeta potential, FTIR, and *in vitro* cytotoxicity were performed.

MATERIALS AND METHODS {#sec1-2}
=====================

 {#sec2-1}

### Materials {#sec3-1}

ε-caprolactone (ε-CL), ATRA, stannous octoate (Sn(Oct)~2~), dimethyl sulfoxide (DMSO), and nile red were purchased from Sigma Aldrich (USA) and were used without any purification. Poly(ethylene glycol) (PEG, Mn, 1500) was purchased from Merck (Germany). Dialysis membrane (molecular weight cutoff 3500) was purchased from Orange scientific (USA).

### Synthesis of PCL-PEG-PCL and preparation of PCL-PEG-PCL micelles {#sec3-2}

The PCL-PEG-PCL copolymer was prepared by ring-opening polymerization of ε-CL initiated by PEG. 0.1 g (0.0087 mol) of ε-CL, 0.5 g (0.0003 mol) of PEG 1500, and 0.005 g of Sn(Oct)2 added into three-necked vessel under vacuum, then the reaction system was kept at 130 °C for 6 h. After degassing under vacuum for another 30 min, the resultant copolymer was cooled to room temperature and precipitated in excess cold diethyl ether([@ref29]). The synthesis was approved by FTIR and ^1^H NMR spectroscopy.

PCL-PEG-PCL blank nanomicelles were fabricated with nanoprecipitation method, and polymers were dissolved in acetone as the organic solvent([@ref30]).

### ^1^H NMR analysis {#sec3-3}

^1^H NMR spectra (in CDCl3) were recorded on ultra-shield 400 spectrometer (Bruker, Germany) at 400 MHz and tetramethylsilane was utilized as an internal reference standard.

### FTIR analysis {#sec3-4}

The FTIR spectra of PCL-PEG-PCL copolymer, blank, and drug-loaded micelles were observed using FTIR spectrometer (IR prestige-21, Shimadzu, Japan), in the spectral range of 4000-400 cm^-1^ at a resolution of 4 cm^-1^.

### Molecular weight analysis {#sec3-5}

The ^1^H NMR spectrum of PCL-PEG-PCL was used to calculate the number average molecular weight (Mn) and the ratio of PCL/PEG of the copolymer. These properties were calculated using following equations:

2(2(x-1)) / I~a~ = 4 / I~d~ (1)

(4(y-2) + 4) / I~f~ = 4 / I~d~ (2)

M~n\ (PCL-PEG-PCL)~ = M~n\ (PEG)~ + M~n\ (PCL)~ = 44y + 2(114x) (3)

where, I~a~, I~d~, and I~f~ were integral intensities of methylene protons of -CH~2~OOC- in PCL units at 4.06 ppm, methylene protons of -O-CH~2~- in PEG end unit at 4.23 ppm, and methylene hydrogen of homo-sequences of PEG units at 3.65 ppm, respectively ([Fig. 1](#F1){ref-type="fig"}). X and y were respectively the corresponding block number of PCL and PEG in PCL-PEG-PCL copolymer([@ref29]).

![(a) ^1^H NMR spectrum of PCL-PEG-PCL and (b) orientation of the polymer in micelles structure.](RPS-12-465-g001){#F1}

The molecular weight of the copolymer was also measured by static light scattering (SLS) technique using Zetasizer (Zetasizer-ZEN3600 Malvern Instrument Ltd., Worcestershire, UK). The average scattering intensity from seven different concentrations of the PCL-PEG-PCL copolymer (3-35 mg/mL) were recorded using the Malvern supplied 'molecular weight' operating procedure. The instrument measured molecular weight using Rayleigh equation and Debye Plot. The solvent of the polymer (toluene) was used as the standard reference([@ref31]).

### Preparation and characterization of ATRA- loaded PCL-PEG-PCL micelles {#sec3-6}

The method for preparing the ATRA loaded nanomicelles was completely similar to aforementioned method for preparing blank PCL-PEG-PCL nanomicelles. Briefly, different solutions with constant weights of PCL-PEG-PCL and different amounts of ATRA in acetone were prepared to form an organic phase. Then, the organic phase was added dropwise to distilled water and stirred magnetically at room temperature. At this step, acetone started to diffuse into distilled water and amphiphilic PCL-PEG-PCL block copolymer self-assembled into nanomicelles. ATRA was encapsulated in the hydrophobic core of copolymer in aqueous solution.

The loading efficiency was assessed at different ratios of ATRA to copolymer (1, 2, 5, 10, and 20%). The obtained suspension was filtered by 400 nm syringe filter to remove unloaded insoluble ATRA([@ref32]). In order to determine the loading efficiency, 200 μL of the drug-loaded micelle solution was added to 1000 μL DMSO and was vortexed for 1 min to break down the micelles. The absorbance was measured using a UV-Vis spectrophotometer (UV mini-1240, Shimadzu, Japan) at the wavelength of 360 nm. The standard curve of ATRA was prepared at different concentrations in a mixture of DMSO and water with 1:5 DMSO to water volume ratio. Drug content (DC) and loading efficacy (LE) were calculated by equations 4 and 5:
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![](RPS-12-465-g003.jpg)

### Physicochemical characterization of PCL-PEG-PCL and drug-loaded micelles {#sec3-7}

CAC of PCL-PEG-PCL micelles

The CAC was measured using fluorescence measurements, and nile red (3.2 × 10^-7^ M) was utilized as the probe. Excitation of the hydrophobic nile red with 490 nm light in an aqueous medium results in a relatively low fluorescence with a λ~max~ of 540 nm. However, if it resides in a hydrophobic environment, such as the core of a micelle, its fluorescence emission intensity increases significantly and experiences a blue shift to 520 nm. The emission spectrum of various polymer concentrations (5 × 10^-4^ to 0.5 g/L) was recorded using fluorescence spectrometer (LS45, Perkin Elmer, USA). The fluorescence emission of solutions was determined at a wavelength of 520 nm, and the emission of nile red in the absence of copolymer was determined at a wavelength of 540 nm (excitation and emission wavelengths: 490 and 500-650 nm, respectively).

Particle size and zeta potential measurements

The particle size, polydispersity index (PDI), and zeta potential of the prepared blank and drug-loaded micelles were measured using Zetasizer with dynamic light scattering (DLS) technique. The zeta potential of nanomicelles was determined from their electrophoretic mobility using Henry equation.

Morphological studies

A complementary morphological analysis was conducted using AFM (Nanosurf® Mobile S., Switzerland) in the non-contact mode. PCL-PEG-PCL micelle was placed on a washed mica slide and was dried at room temperature before morphology analysis.

Crystallographic assays

XRD (EQUINOX 3000, Inel, France) was performed to prepare crystallographic assays on ATRA powder, blank PCL-PEG-PCL nanomicelles, and ATRA loaded PCL-PEG-PCL nanomicelles. Samples were in the solid form for XRD analysis. The applied voltage and current were 30 kV and 20 mA, using Cu Kα radiation.

In vitro drug release study

To determine the *in vitro* release kinetics of ATRA from nanomicelles, 0.5 mL of ATRA-loaded PCL-PEG-PCL nanomicelles was placed into a dialysis bag (cut off 3500 Da). The dialysis bags were incubated in 25 mL of phosphate-buffer saline (PBS, pH 7.4) containing 2% ethanol at 37 °C under gentle shaking, and 1 mL of incubation medium was replenished by the fresh medium at specific time intervals. The amount of ATRA in release medium after time intervals was determined using UV spectrophotometry at 360 nm.

The standard curve of ATRA in PBS (containing 2% ethanol) was prepared and the cumulative release profile was demonstrated versus time.

In the release study, sink condition was provided and the volume of release medium was adjusted in a way that ATRA never was saturated in the medium (considering 3 mg/L of maximum solubility of ATRA in water), and 2% ethanol was used to improve solubility of ATRA. This procedure was repeated trice and results were expressed as the mean value ± SD.

Cell culture

H1299 (human non-small lung carcinoma) cell line was purchased from the Pasteur Institute of Iran. Cells were maintained in the RPMI-1640 supplemented with 10% (v/v) fetal bovine serum (FBS) and penicillin/streptomycin (50 IU ml^−1^, 50 μg ml^−1^) at 37 °C in a humidified atmosphere containing 5% CO2. Cells were sub-cultured regularly using trypsin/EDTA.

In vitro proliferation assay

The *in vitro* viability of H1299 cells was assessed using MTT test. Specifically, the H1299 cells were seeded in the 96-well plates and grown for 24 h. The cells were added to wells with different concentrations of the blank micelle, free ATRA, and ATRA-loaded micelles at 37 °C and incubated for another 48 h. At the end of the incubation period, 20 mL of MTT solution at concentration of 5 mg/mL was added and incubated for 3 h at 37 °C. Each well was then washed with 50 mL of PBS. Then, 150 mL of DMSO was added to each well to dissolve the formazan crystals. Finally, the absorbance was recorded using ELISA plate reader (Bio-Rad, Model 680, USA). The test and the reference wavelengths were 570 and 630 nm, and the sample signal was determined (OD570-OD630)([@ref33]). All the experiments were performed in triplicate.

RESULTS {#sec1-3}
=======

 {#sec2-2}

### Synthesis of PCL-PEG-PCL and preparation of drug-loaded micelles {#sec3-8}

The amphiphilic PCL-PEG-PCL copolymers were synthesized via the ring-opening copolymerization in the absence of toxic catalyst or initiator. It should be noted that for these types of copolymers, both ends of the PEG blocks are anchored at the core/shell interfaces, and the loops should be formed at the surface of the micelles by PEG chains. This molecular orientation is different from that for the micelles of the diblock copolymer. In the diblock copolymer, only one end of the PEG block should be anchored at the core/shell interface, and PEG chains form the brush-like structures at the surface of the micelles([@ref34]). The orientation of polymers in the copolymer and ^1^H NMR spectrum of the obtained PCL-PEG-PCL copolymer is shown in [Fig. 1](#F1){ref-type="fig"}. The presence of a sharp peak at 3.65 ppm could be related to the methylene protons of -CH~2~CH~2~O- in the PEG units of the triblock copolymer. Two weak peaks at 4.23 and 3.82 ppm could be assigned to the methylene protons of -O-CH~2~-CH~2~- at the end unit of PEG linked to PCL-PEG-PCL blocks. The presence of two characteristic peaks at 1.40 and 1.65 ppm could be related to the methylene protons of -(CH~2~)3-, and the peak at 2.32 ppm is attributed to the methylene proton of-OCCH~2~-in PCL units of the triblock copolymer.

The peak at 4.06 ppm could be related to -CH~2~OOC- in PCL units, and the peak at 2.62 ppm is assigned to the proton of OH at the end of PCL units in the copolymer. The observed peaks in the range of 1.4 - 2.5 ppm, which could be related to aliphatic protons of -(CH~2~)~3~- and -OCCH~2~- in PCL units and the peaks in the range of 3.5 - 4.5 ppm, which could be related to -OCH~2~ confirmed the synthesis of the copolymer. ^1^H NMR spectrum was also used to estimate M~n~ and PCL/PEG block ratio, which were 5.26 kDa and 3.15, respectively. The drug-encapsulated micelles were prepared by nanoprecipitation method and then lyophilized to turn them into powder.

### FTIR spectroscopy results {#sec3-9}

The FTIR spectrum of the synthesized PCL-PEG-PCL is shown in [Fig. 2a](#F2){ref-type="fig"}. The absorption band at 1728 cm^-1^ is assigned to the C=O stretching vibrations of the ester carbonyl group. The absorption bands at 1107 and 1242 cm^-1^ are attributed to the C-O-C stretching vibrations of the repeated -OCH~2~CH~2~ units of PEG, and the C-O stretching vibrations, respectively. The absorption band at 3433 cm^-1^ is attributed to the terminal hydroxyl groups (-OH) in the copolymer. According to physical mixture spectrum of caprolactone/PEG ([Fig. 2b](#F2){ref-type="fig"}), the absorption band at 1732 cm^-1^ was attributed to the C=O stretching vibrations of caprolactone, and there was no absorption band at 1728 cm^-1^ assigned to the C=O of the ester carbonyl group of PCL-PEG-PCL which approved synthesis of the copolymer.

![FTIR spectra of (A), PCL-PEG-PCL; (B), ATRA; and (C), ATRA loaded PCL-PEG-PCL micelles (feeding ratio of 10%).](RPS-12-465-g004){#F2}

In the spectrum of ATRA ([Fig. 2c](#F2){ref-type="fig"}), the characteristic peaks at 1685 and 1253 cm^-1^ are assigned to the C=O of carboxylic group. The peak in the range of 2600-3429 cm^-1^ is attributed to the OH functional group of carboxylic acid, and the peak at 2928 cm^-1^ is attributed to the C-H of double bonds of ATRA. In the spectrum of ATRA-loaded micelles, the presence of peaks at 1111, 1728, and 2993 cm^-1^ could be assigned to the vibrations of C-O, C=O (ester carbonyl group), and C-H of double bonds. The peaks at 1674, 1566, and 999 cm^-1^ in drug loaded micelles (feeding ratio of 10%) spectrum are attributed to ATRA. ([Fig. 2d](#F2){ref-type="fig"}).

### Physicochemical properties of PCL-PEG- PCL micelles {#sec3-10}

In the aqueous mediums, the hydrophobic PCL moieties of the PCL-PEG-PCL could be assembled spontaneously in hydrophobic cores, surrounding by hydrophilic PEG backbones. The dye solubilization method was performed to assess spontaneous self-assembling of the PCL-PEG-PCL in the aqueous solvent using nile red. After formation of micelles in an aqueous medium, nile red shows tendency to penetrate inside the hydrophobic core. Since nile red is poorly soluble in water, it shows large tendency to penetrate into the micelles or other aggregates. [Fig. 3](#F3){ref-type="fig"} shows the variation of the fluorescence intensity versus the logarithm of the concentration of PCL-PEG-PCL micelles.

![Plots of the Intensity of nile red emission peak at 520 nm (excitation and emission wavelengths: 480 and 500-650 nm, respectively) versus logarithm concentration of nanomicelles.](RPS-12-465-g005){#F3}

The CAC values were defined as the crossover point of the two straight lines in the curve ([Fig. 3](#F3){ref-type="fig"})([@ref35]). There are no significant changes in the intensities of concentrations lower than the CAC, whereas, in concentrations higher than the CAC, a linear increase in the intensities was observed with increasing the concentration of PCL-PEG-PCL micelles. The CAC of the PCL-PEG-PCL micelles was 1.9 × 10^-3^ g/L. The data of particle size, polydispersity, and zeta potential of blank micelles are summarized in [Table 1](#T1){ref-type="table"}.

###### 

Size, PDI, and zeta potential of nanomicelles at different feeding ratios and their loading efficiency and drug content.

![](RPS-12-465-g006)

### XRD crystallographic results {#sec3-11}

Crystallographic studies were performed on ATRA, blank nanomicelles, and ATRA-loaded nanomicelles as presented in [Fig. 4](#F4){ref-type="fig"}. The X-ray spectrum of PCL-PEG-PCL is illustrated in [Fig. 4a](#F4){ref-type="fig"}. ATRA The powder X-ray diffraction pattern of pure ATRA confirmed the crystalline state of the drug ([Fig. 4b](#F4){ref-type="fig"}). Three crystalline diffraction peaks, corresponding to ATRA, were observed at the diffraction angles (2θ) of 44, 78, and 112 ° in the diffractogram of ATRA-loaded PCL-PEG- PCL nanomicelles. ([Fig. 4c](#F4){ref-type="fig"}).

![XRD pattern of (a) PCL-PEG-PCL, (b) ATRA, and (c) ATRA loaded PCL-PEG-PCL micelles (feeding ratio of 10%).](RPS-12-465-g007){#F4}

LE, DC, particle size, PDI, and zeta potential of the nanomicelles before and after loading are summarized in [Table 1](#T1){ref-type="table"}. An increase in feeding ratio (weight ratio of ATRA/PCL-PEG-PCL) caused decreasing the LE and increasing the DC. These results are in agreement with the results obtained in similar studies carried out for loading of hydrophobic drugs into the micelles([@ref35]).

Morphology of the micelles

The morphology of nanomicelles was investigated by AFM. [Fig. 5](#F5){ref-type="fig"} shows the AFM images of nanomicelles in non-contact and dynamic force operating modes. A glance at Figs. [5a](#F5){ref-type="fig"} to [5c](#F5){ref-type="fig"} indicates that ATRA-loaded micelles are more spherical than blank micelles. The length and width of the fusiform blank micelles, obtained by AFM, were found 143 and 309 nm, respectively; whereas, the average size of micelles was about 150 nm for feeding ratio of 2% and 304 nm for feeding ratio of 10%, which is in good agreement with DLS data. The size obtained by AFM was bigger than that obtained by DLS.

![AFM image of nanomicelles: (a) blank PCL-PEG-PCL nanomicelles, (b) ATRA loaded PCL-PEG-PCL micelles (feeding ratio of 2%), and (c) ATRA loaded PCL-PEG-PCL micelles (feeding ratio of 10%). The graphs in bottom indicate profile of the cross-section along the arrow in 2D topography.](RPS-12-465-g008){#F5}

In vitro drug release from PCL-PEG-PCL micelles

The release percentage of ATRA from nanomicelles was calculated and the results are illustrated in [Fig. 6](#F6){ref-type="fig"}. The results showed that for feeding ratio of 10%, more than 80% of the ATRA was released during three days, whereas for feeding ratio of 2% more than 90% of ATRA was released within 3 h.

![ATRA cumulative release curve from PCL-PEG-PCL micelles for 96 h at 37 °C.](RPS-12-465-g009){#F6}

In vitro cytotoxicity

The *in vitro* viability of H1299 cells at 48 h are shown in [Fig. 7](#F7){ref-type="fig"}. We have investigated the viability of these cells in the presence of micelles with the drug to polymer ratio of 2% and 10%, and free ATRA (the amount of free ATRA was similar to that in the ATRA loaded PCL-PEG-PCL nanomicelles). ATRA is known to inhibit mitosis and the proliferation of H1299([@ref36]).

![Relative cell viability of PCL-PEG-PCL on H1299 cells.](RPS-12-465-g010){#F7}

ATRA loaded PCL-PEG-PCL nanomicelles caused significant cytotoxicity toward H1299 cells, and the IC~50~ of 10% and 2% feeding ratios were 50 μg/mL and higher than 200 μg/mL, respectively. In the case of free ATRA, no significant cytotoxicity was observed even for a concentration as much as 200 μg/mL.

DISCUSSION {#sec1-4}
==========

In the present study, the PCL-PEG-PCL copolymer was synthesized successfully by the ring-opening copolymerization, and the synthesis was confirmed by ^1^H NMR and FTIR spectra. The weight-average molecular weight was also measured by ^1^H NMR spectrum and it was found in good agreement with the result measured by SLS technique (the weight average molecular weight measured by SLS technique was 5.34 ± 2.81 kDa and that measured by ^1^H NMR spectrum was 5.26 kDa).

The CAC of the PCL-PEG-PCL micelles was determined using nile red. It could be expected for the micelles to be disassociated in the body fluids due to dilution of the micelle solutions in these fluids. The lower the CAC value, the more stable the micelles will be in the body fluids([@ref37]). The CAC of the PCL- PEG-PCL micelles was 1.9 × 10^-3^ g/L, which is around 1200 times lower than the required concentrations to form micelles with low molecular weight surfactants (e.g., sodium dodecyl sulfate with a CMC of 2.3 mg/mL)([@ref37]). The CAC value was also lower than that of PCL-PEG diblock copolymer micelles obtained by Jeong,([@ref38]), which was 0.0032 g/L.

The total fluorescence intensity varied negligibly at the low concentrations of micelles (lower than CAC). At CAC concentration, the total fluorescence intensity increased logarithmically by increasing the concentration of PCL-PEG-PCL copolymer. According to the results, it is obviously possible to form PCL-PEG-PCL micelles, even in highly diluted solutions.

For further analysis of the micelles, their size and zeta potential were determined. The obtained micelles were found in good stability during the time, and no significant changes were found in the size of micelles during a specific period. Another factor for the stability of micelles is the zeta potential. The average zeta potential of the micelles was -15.06 ± 1.65 mV, which was in an acceptable range for stable particles. According to the above consideration, the stability of this colloidal system during the time could be expected.

The FTIR spectrum of drug-loaded nanomicelles indicated that there is no interaction between the polymer and the drug. The presence of crystalline peaks in the XRD spectrum of drug-loaded nanomicelles indicates that ATRA is present in the crystalline form in the PCL-PEG-PCL nanomicelles which could be attributed to the aggregation of ATRA inside the core of micelles and consequently drug crystals could form in the core of nanomicelles.

The size of nanomicelles after loading the drug was determined, and it was found that the particle size increased with increasing the DC, which could be related to the higher amount of drug in the core of micelles.

Zeta potential can significantly affect the stability of particles in nanocolloidal systems because of the possible electrostatic repulsion between the particles([@ref39]). Since PEG has a negative charge, the zeta potential of nanomicelles was negative([@ref40]). The ATRA-loaded micelles possess higher zeta potential, due to the negative charge of ATRA, and there was a direct relation between DC and zeta potential; the higher the DC, the higher the zeta potential was observed. Thereby, zeta potential was -30.03 ± 3.42 mV for drug to polymer ratio of 20%.

The morphology of obtained micelles was observed using AFM. The size of nanomicelles obtained by AFM was found bigger than that obtained by DLS. This discrepancy can be attributed to the sample condition; micelles are in colloidal disperse form for DLS analysis, whereas they have been flattened in AFM analysis. As a result of deposition on the substrate surface, the size of micelles gets bigger in the surface direction of nanoparticles. Another possible reason for this discrepancy could be due to higher aggregation rate of nanoparticles in the dry form.

Also, AFM images show that, in comparison with blank micelles, micelle size decreased for 2% drug to polymer ratio while increased for 10% drug to polymerratio which is another confirmation for obtained data by DLS. AFM images showed that ATRA has an important effect on the morphology of PCL- PEG-PCL nanomicelles.

The release profile of ATRA from nanomicelles with 2 and 10% ratios was compared and it was observed that the release rate of ATRA from micelles with 10% drug to poymer ratio is significantly slower than that from micelles with 2% ratio. This slow and prolonged release for ratio of 10% is attributable to the hydrophobic nature of ATRA as well as its crystallization inside the micelle\'s core confirmed by XRD studies ([Fig. 4c](#F4){ref-type="fig"})([@ref12][@ref35]). The release of hydrophobic drugs occurs slowly at high concentrations of the drug, due to the more hydrophobic environment at these concentrations. On the other hand, DC is higher for the case with 10% ratio. At low DCs, ATRA might be relatively present as a molecular dispersion inside the nanomicelles([@ref38]), while the crystallization of drug could occur at high DCs. The crystallized drugs need longer time to dissolve in release medium, and the release from the micelles occur more slowly compared to molecular dispersion. The release medium cannot freely penetrate into the inner part (micelle core) due to their strong hydrophobic core and crystallized drug in the core. The release profile of 2% ratio showed a burst release which is related to the diffusion and desorption of drug located close to the micelle surface([@ref41][@ref42]). For nanomicelles with a feeding ratio of 10%, the drug is retained inside the core due to the slow drug leakage, and consequently, the drug is released only when the micelles are taken up by tumoral cells, and the PCL-PEG-PCL molecules are enzymatically decomposed. As a result, the concentration of the drug in tumors increases due to enhanced permeability and retention (EPR) effect([@ref19]).

With regard to the results of cytotoxicity of nanomicelles, it could be well observed that ATRA-loaded nanomicelles showed much more cytotoxic activity toward H1299 cell line compared to free ATRA. Both ATRAloaded nanomicelles (drug to polymer ratios of 2% and 10%) achieved IC~50~, but for the free ATRA, IC~50~ could not be achieved. These results indicated that the encapsulation of ATRA in the PCL-PEG-PCL micelles enhances the cytotoxicity of ATRA. Because blank nanomicelles exhibited no cytotoxic activity in the concentration similar to drug-loaded nanomicelles, the higher cytotoxicity of encapsulated ATRA could be attributed to the enhanced solubility of ATRA in the form of nanomicelle. On the other hand, uptake of free ATRA is limited with its low water solubility which caused inefficacy of free form of the drug at higher concentrations. Another possible reason for higher cytotoxicity of encapsulated ATRA could be slow release profile of ATRA from ATRA-loaded micelles. The drug to polymer ratio of 10% showed higher cytotoxic effect than that of 2% while the amount of ATRA in both mixtures was the same. It could be attributed to the higher drug content of 10% probably because the nanoparticles with high loading content have more potential to overcome the tumor drug resistance([@ref43]). In a similar study, Firestone, et al, showed direct correlation between loading content and cytotoxicity of doxorubicin.

CONCLUSION {#sec1-5}
==========

The synthesis of PCL-PEG-PCL was successfully achieved and used to fabricate ATRA-loaded nanomicelles. The CAC values of obtained micelles was low enough (1.9 × 10^-3^ g/L) to conclude that the micelles are stable even in highly diluted solutions. Furthermore, the acceptable size and zeta potential of these micelles could re-confirm their stability and efficient cellular uptake. The drug-loaded nanomicells exhibited prolonged ATRA release profiles and significant inhibition of H1299 cell proliferation. In conclusion, PCL-PEG-PCL nanomicelles could be considered as a great candidate for ATRA nanoparticulate drug delivery system with potential ap4plication in cancer therapy.
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